Arrays of microband electrodes were developed by screen printing followed by cutting, which enabled the realization of microband arrays at the cut edge. Microband arrays of different designs were characterised with physical and electrochemical methods. In both cases the methods showed that the microband width was around 5 m. Semi-steady-state cyclic voltammetry responses were observed for redox probes.
Introduction
Recent years have seen a rapid development of extremely small working electrodes with diffusion-limited processes. Microelectrodes offer a variety of benefits for electroanalysis. The establishment of convergent diffusion is the most valuable peculiarity of microelectrodes, giving enhanced mass transport rates. This phenomenon results in a significant improvement of the analytical performance in terms of shorter response times, improved detection limits, increased sensitivity and decreased obstructing effects of solution resistance and convection [1] in comparison with macroelectrodes under planar diffusion. Low capacitive currents, due to the small surface area, contribute to higher signal-to-noise ratios. However, single microelectrodes produce low currents, which are difficult to detect with conventional electrochemical equipment. This can be overcome by multiplication of single microelectrodes into patterned arrays [2] or randomly formed ensembles that operate in parallel, which combines the large current densities with enhanced mass transport and high output signals [3] .
Different techniques are developed for the fabrication of single micro-and nanodimensional electrodes and the corresponding arrays. Reducing the diameter of disk electrodes is one of the most common, which can be implemented by sealing of wires, with a diameter in the micrometer range, into an insulating material such as glass, followed by grinding. More scalable fabrication techniques are lithography [4] [5] [6] [7] and screen printing [8] . An alternative approach, which is a cost-effective compromise possessing both convergent diffusion and high output signal, is the microband geometry [9] . The critical dimension of a microband [10] is its width which is microscopic, thereby maintaining convergent diffusion domination. At the same time the microband length is macroscopic, which enables registration of high currents.
A variety of technologies has been utilized for microband electrode fabrication.
Metal-based microband fabrication can be accomplished in two ways: a) the formation of metal edges sealed between insulator layers ('sandwich'-type) and b) micropatterning of thin narrow lines onto an insulating support. Sandwich type systems were developed by glass melting or sealing with epoxy of metal microfoils or sputtered films followed by polishing. Paired microbands have been developed by an epoxied thin mica sheet with sputtered gold on both sides [11] or by sealing of two metalized glass slides separated with a plastic spacer [12] . Photolithography has also been employed to fabricate microbands [13] [14] [15] and interdigited array electrodes [16] by metal evaporation [17] , sputtering [18, 19] and chemical vapour deposition [7, 20, 21] . Boron doped diamond ultramicroband electrodes have been realised based on lithography and chemical vapour deposition [22, 23] .
Screen-printing as a standard technology for scale up production of low cost electrochemical devices has also been adapted for the fabrication of microband electrodes. Since standard feature sizes available in screen-printing are about 50 m, which is too large for fabrication of efficient microelectrodes in lateral dimensions, the strategy of cross cutting has been developed [24] , which makes the thickness of the screen-printed pattern the critical dimension of the microband electrode. In this way ceramics have been used as the support for screen-printing of gold/platinum inks followed by perpendicular cutting with a diamond saw [24] . Also plastic support has been adopted [25] for scalpel cutting, which resulted in the development of a disposable high sensitivity biosensor. Cutting procedures have moreover been employed for the fabrication of microelectrodes, their arrays and microbands by cutting a single wire, mesh or foil correspondingly laminated between two plastic sheets [26] . Furthermore, an electrochemical setup, with integrated working, reference and counter microband electrodes, has also been developed by cutting [27, 28] . Hole drilling or punching through screen-printed structures have allowed fabrication of tabular working and counter/reference integrated microband electrodes [29] and wall electrodes [30] . Screen-printed graphite microbands have been successfully employed in electroanalysis of heavy metals [31] and nitrite [27] . Screen-printed graphite microbands of 100 m width, used without any additional step of activation (cutting), were reported by Metters et al. [32] but turned out to show a macro-dimensional electrochemical behaviour.
In the present study we have developed a simple approach for fabrication of graphite screen-printed microband arrays that are suitable for automated electrode recovery. A critical study of the elaborated structures was done with physical and electrochemical methods. The surface area and microband width of the electrodes were assessed with electrochemical methods. The fabricated microband arrays were used as a versatile platform for development of different electroanalytic systems. Ascorbic acid detection with direct anodic oxidation was carried out with microband arrays, while glucose was detected with a biosensor based on mediated glucose oxidase, created by modification of the electrode structures with a sol-gel electrocatalytic membrane by simple dip coating.
Experimental

Materials
All inorganic salts, phenothiazine and isopropanol were obtained with the highest purity from Sigma Aldrich (Sweden). 
Microelectrodes
Carbon composite working electrodes were screen printed from graphite ink (7102 Carbon, DuPont) through a patterned stencil onto a polyethylene terephthalate A screen printed graphite disk was used as a working electrode of macroscopic dimensions (diam. 1.8 mm, Rusens LTD, Russia). A single graphite fiber microelectrode (diam. 7 m, ALS LTD, Japan) was also used as a working electrode.
It was polished with 1.0, 0.3 and 0.05 µm alumina powders followed by sonication for 30 s. A platinum wire and silver/silver chloride (3 M KCl) were used as counter and reference electrodes, respectively.
Optical microscopy was done with a BX60 (Olympus) microscope. Profilometry was carried out with a Dektak 6M (Veeco).
Electrode modification with a sol-gel membrane
An aqueous solution of glucose oxidase (GOx) was mixed with an isopropanol solution of γ-aminopropyltriethoxysiloxane containing phenothiazine. The microband array was dip coated in the solution and left to dry in a refrigerator (4 °C). The biosensor response was assayed in a 0.05 M phosphate buffer solution (pH 7)
containing 0.1 M KCl as supporting electrolyte.
Results and discussion
Physical characterization
Physical methods were employed for characterization of the active electrode area as well as the thickness of the graphite layer and the insulating layers after cutting. A comparison between the optical microscopy measurement and the profilometry data indicates that the thickness of the screen-printed layers is relatively unchanged after the cutting. Scissors cutting was used for creation and recovery of the electrode surface of the screen-printed microband arrays. Other types of cutting were investigated but did not significantly change the results.
Evaluation of capacitance
It is possible to achieve lower detection limits at microelectrodes than at macrosized electrodes. This detection limit improvement occurs due to an increase of the faradaic to capacitive currents ratio [33, 34] . Because of the importance of capacitive currents for electroanalysis the electric double layer capacitance of the microband electrodes was estimated from cyclic voltammetry experiments in a solution containing only supporting electrolyte, where no faradaic current was present [35] . Typical voltammograms recorded at the screen-printed graphite microband electrode (1.5 mm microband length) and the graphite disk electrode (diam. 1.8 mm) with different scan rates are shown in Fig. 2 . An increase of the capacitive currents with increased scan rate is observed. The capacitive current ic contribution in the anodic current at potentials far enough from switching potentials increases with scan rate and is given by [10] 
Cyclic voltammetry measurements
Cyclic voltammetry in the presence of redox probes was also employed for the characterization of the screen-printed microband arrays. Two reversible redox couples were used for these measurements. for the backward scan is due to the electrolysis product leaving the diffusion layer with enhanced rate [36] . The total currents observed for the multilayer array are much smaller than the currents obtained at the macroelectrode, but are higher than those of the single layer array of the same microband length. 
Diffusional independence
In order to obtain a better time resolution between different diffusion regimes, chronoamperometry was applied for electrode structure characterization in a wide time domain. A potential step was applied to the electrode, from conditions of no redox processes to a potential of redox probe electrolysis. The obtained transients of the current densities are shown in Fig. 4A . The macroelectrode showed a planar diffusion profile, i.e. a straight line in double logarithmic coordinates with a slope of -0.5, corresponding to Cottrell's decay of current [37] :
where i is the current response, n is the number of transferred electrons per single redox reaction, F is the Faraday constant, A is the electrode area, D is the diffusion coefficient, CR is the bulk concentration of the reduced form of the redox probe and t is the time. The current of the macroelectrode became time independent for times longer than about 10 s, representing the attainment of the steady-state regime and establishment of convergent diffusion and diffusion independence [38] .
Also the single microelectrode showed the attainment of diffusional independence due to the appearance of a steady-state component that is dominant at longer times [37] :
where r0 is the microelectrode radius. The pure steady-state regime is attained at the microelectrode after about 1 s with a steady-state current density that is two orders of magnitude higher than on the macroelectrode. A delay of current density decrease was obtained at the single microelectrode at the shortest times (around 1 ms), which differs from the behavior of gold and platinum disk microelectrodes (diam. 25 m and 9 dynamics is probably influenced by relatively large capacitive currents due to the filament structure of the graphite microelectrode, which is based on a graphite fiber.
The chronoamperograms observed for the screen-printed microband electrode arrays reveal slightly smaller steady-state current densities and longer times for diffusional independence attainment than on the single microelectrode.
The chronoamperometric current at microband electrodes has been theoretically derived by Aoki et al. [39, 40] . The diffusion behavior can be characterized with the dimensionless parameter,  :
where t is the time and w is the width of the microband. For small values of  the Faradic current can be approximated by:
where l is the microband length [40] . By plotting the current versus t 1 a straight line is expected for large t 1 . This is also observed in [42] . The steady-state current density can be estimated by [40] :
A value of 1.3 mA/cm 2 is obtained for the single layer microband array, which is in good agreement with the data of Fig. 4A .
The steady-state current densities observed for the microband arrays are 28-60 times higher than those of the macroelectrode, which should result in a sensitivity increase.
Since Cottrell's decay regions are observed at short times in the transients of the microband arrays, their surface areas can be estimated from this data. The surface area of the screen-printed macroelectrode was up to 100 times larger than the area of the microband arrays. The multilayer array (Fig. 4, curve 2a) showed smaller current densities than the single sheet array (Fig. 4, curve 2b) , indicating overlapping between diffusion layers of nearby microbands. Nevertheless, the multilayer array generates higher current densities than the macrodimensional graphite disk electrode and higher current than the single layer array. The current density of the multilayer array can probably be increased by increasing the distance between the layers.
Detection of ascorbic acid
Direct anodic oxidation of ascorbic acid as a model analyte was studied with the developed screen-printed microband arrays of different geometries. Differential pulse voltammetry (DPV), which is more sensitive than cyclic voltammetry, was employed for the ascorbic acid detection. A significant increase of the sensitivity, defined as the increase of the current density per concentration increase, is observed for the microband array in comparison with the macroelectrode (Fig. 5A ). Fig. 5B shows the dependence on microband length of the ratio of sensitivities for microband arrays and the macroelectrode. A sensitivity increase with a factor of 2 to 4 was observed for all microband arrays. The multilayer array gave the same sensitivity increase as the family of single layer arrays, illustrating the absence of overlapping of diffusion gradients established at adjacent microbands in this case. The enhancement of sensitivity was higher, than that reported for screen-printed microbands used without any additional step of activation (cutting) [32] . Probably, both convergent diffusion and surface activation due to the cutting process contribute to the enhancement of the analytical properties of the elaborated electrode structures.
Glucose biosensor
In order to assess the suitability of the elaborated electrode design to surface modifications a mediated enzyme-based sol-gel membrane was immobilized on the surface of the graphite microband arrays. Electrocatalytic glucose oxidation with mediated glucose oxidase (GOx) was chosen as a model system due to its robustness and simplicity [43] . The sol-gel membrane with mediated biocatalyst was deposited via simple dip coating. Unsubstituted phenotiazine (PTA) was used as the mediator of 
